Type III secretion systems (TTSSs) are specialized protein transport systems in gram-negative bacteria which target effector proteins into the host cell. The TTSS of the plant pathogen Xanthomonas campestris pv. vesicatoria, encoded by the hrp (hypersensitive reaction and pathogenicity) gene cluster, is essential for the interaction with the plant. One of the secreted proteins is HrpF, which is required for pathogenicity but dispensable for type III secretion of effector proteins in vitro, suggesting a role in translocation. In this study, complementation analyses of an hrpF null mutant strain using various deletion derivatives revealed the functional importance of the C-terminal hydrophobic protein region. Deletion of the N terminus abolished type III secretion of HrpF. Employing the type III effector AvrBs3 as a reporter, we show that the N terminus of HrpF contains a signal for secretion but not a functional translocation signal. Experiments with lipid bilayers revealed a lipid-binding activity of HrpF as well as HrpF-dependent pore formation. These data indicate that HrpF presumably plays a role at the bacterial-plant interface as part of a bacterial translocon which mediates effector protein delivery across the host cell membrane.
The interaction of many gram-negative plant and animal pathogenic bacteria with their hosts depends on a highly conserved type III protein secretion system (TTSS), which transports proteins without cleavage of a classical N-terminal signal peptide into the extracellular milieu as well as into the host cell (13, 25) . In plant-pathogenic bacteria, the TTSS is encoded by hrp (hypersensitive response and pathogenicity) genes. hrp mutants are no longer able to multiply and cause disease in susceptible plants and to induce defense responses such as the hypersensitive reaction (HR) in resistant host and nonhost plants (1) . The HR is a rapid, localized cell death of infected plant tissue which halts bacterial ingress. At least nine hrp genes, designated hrc (for hrp conserved), are conserved between plant and animal bacterial pathogens (8, 22) and probably encode the core components of the type III secretion apparatus.
Analyses of nonpolar mutants revealed that an additional set of nonconserved proteins, encoded in the hrp gene clusters, were essential for secretion and/or translocation. Among the nonconserved proteins are secreted proteins such as the subunits of the Hrp pilus, which is associated with the TTSS of plant-pathogenic bacteria (48). Hrp pili have been described for Pseudomonas syringae, Ralstonia solanacearum, and Erwinia amylovora (30, 47, 61) and probably mediate contact between the bacterial and plant cell surface. In addition, Hrp pili have been shown to be essential for type III secretion in vitro (47, 61) and were proposed to function as conduits for secreted proteins traversing the plant cell wall (29, 30) . Other proteins traveling the TTSSs of plant-pathogenic bacteria include harpins and effector proteins, the latter of which have been suggested to be translocated into the plant cell (32).
Intensive studies of Yersinia outer proteins (Yops) defined the N terminus of type III-secreted proteins as an important region which directs secretion (12, 37, 56) . In addition, a secretion signal in the 5Ј region of the mRNA has been discussed (2, 3, 41) . A translocation signal has been proposed to be located within the first 50 to 100 codons of genes encoding effector proteins of both plant and animal pathogens (41, 53, 56) . Translocation of effector proteins into the host cell was first described for Yersinia spp. (19, 49, 57) and appears to be the key function of TTSSs.
Translocation is mediated by the translocon, a bacterial protein or protein complex which presumably forms channel-like structures in the host cell membrane. In plant-pathogenic bacteria, there is indirect evidence for translocation of effectors because expression of bacterial avirulence (avr) genes in the plant cell resulted in the induction of a resistance (R) genespecific HR (11) . avr genes are present in Pseudomonas and Xanthomonas spp. (69) and were originally defined based on their ability to trigger a host defense reaction, in most cases the HR. Plant defense induction depends on the specific recognition of an Avr protein by a plant expressing the corresponding R gene (31, 36) . In the absence of the avr or the R gene or both, the interaction between pathogen and plant leads to disease.
Our laboratory studies type III secretion in Xanthomonas campestris pv. vesicatoria, the causal agent of bacterial spot on pepper and tomato. The TTSS is encoded by the 23-kb chromosomal hrp gene cluster (9) . Expression of the six operons, hrpA to hrpF, is induced in the plant (55) and in minimal medium XVM2 (66) and is regulated by the products of the regulatory genes hrpX and hrpG. HrpG belongs to the OmpR family of two-component response regulators and activates the expression of hrpA and hrpX (68). HrpX, an AraC-type transcriptional activator, controls the expression of operons hrpB to hrpF (66) as well as the expression of avrXv3 (4) and a number of putative virulence factors (45).
The TTSS of X. campestris pv. vesicatoria secretes a number of Hrp and Avr proteins as well as Xops (Xanthomonas outer proteins) into the culture supernatant (6, 16, 41, 45, 50, 51) . One of the proteins secreted by the TTSS is HrpF, an overall hydrophilic protein of 87 kDa (26). HrpF contains two Nterminal imperfect direct repeats and two C-terminal hydrophobic segments (26, 50) and shows 48% sequence identity with NolX, a type III-secreted protein from Rhizobium fredii (26, 63) . Intriguingly, HrpF, which is dispensable for type III secretion in vitro, has been found to be essential for the interaction of X. campestris pv. vesicatoria with the plant. It has therefore been suggested that HrpF plays a role in type III translocation (50) .
In this study, we report on the functional importance of different regions in the HrpF protein. Furthermore, we obtained indirect evidence that HrpF is not translocated into the host cell. Lipid-binding activity of secreted HrpF and the observation of HrpF-dependent pore formation in lipid bilayers support the hypothesis that HrpF acts as a translocon protein.
expression in both E. coli and X. campestris pv. vesicatoria, giving constructs pUhrpF, pKhrpF, pDhrpF, and pLhrpF, respectively.
hrpF⌬I was generated by a 1,380-bp SgrAI deletion in construct pUhrpF which leads to the deletion of amino acids 118 to 575. The resulting fragment was cloned into pDSK602, giving pDhrpF⌬I. Construct pDhrpF⌬N is a derivative of pDhrpF in which 456 bp encoding the N terminus of HrpF were replaced by an adaptor (5Ј-AATTCGCCTCTATGTCTAGAC-3Ј). In construct pLhrpF⌬C109, a nonsense mutation was introduced by PCR, resulting in a translational stop after amino acid 697. To construct a C-terminal deletion derivative of HrpF, a 600-bp fragment at the 3Ј end of hrpF in plasmid pLhrpF was deleted by digestion with SacI and SmaI, Klenow fill-in reaction, and religation. The resulting construct was designated pLhrpF⌬C249.
For deletion of the C-terminal hydrophobic segments, the 600-bp SacI/HindIII fragment encoding the C terminus of HrpF was replaced by deletion derivatives. The SacI/HindIII cassette was amplified by PCR, introducing XbaI sites in the sequences flanking the hydrophobic segment-encoding region. The PCR products flanked by SacI/XbaI and XbaI/HindIII sites were fused at the XbaI site and introduced into the SacI and HindIII sites of constructs pLhrpF and pDhrpF. This resulted in deletion of amino acids 610 to 647 (pDhrpF⌬H1), 647 to 692 (pLhrpF⌬H2), and 610 to 692 (pDhrpF⌬H12) in the corresponding gene products.
For Agrobacterium-mediated transient expression, hrpF derived from construct pKhrpF was cloned into the EcoRI and XhoI sites of pBI1.4t, giving construct pBIhrpF. For construct pBISPhrpF, a PCR product containing the signal peptide sequence of the tobacco PR1a gene (14) was fused to the hrpF open reading frame. For technical reasons, the signal peptide sequence contained 1 bp exchange, resulting in a conserved amino acid exchange at position 17 of the signal peptide. For generation of plasmids expressing the HrpF-AvrBs3 fusion protein, the 1.1-kb EcoRI fragment of construct pKhrpF encoding the N terminus of HrpF was cloned into the EcoRI site of constructs pDS356F and pBI356F, generating constructs pDhrpFN356 and pBIhrpFN356, respectively.
HrpF expression, purification, and antibody production. For the production of a polyclonal anti-HrpF antiserum and for TRANSIL experiments, HrpF was expressed from pDhrpF and purified from E. coli BL21. Bacteria were grown in Super medium at 37°C. Expression was induced at an optical density at 600 nm (OD 600 ) of 0.7 with IPTG (isopropylthiogalactopyranoside, 2 mM final concentration) for 2 h at 30°C. Cells were harvested, resuspended in 8 M urea-0.1 M NaH 2 PO 4 -0.01 M Tris-HCl, pH 8.0, and broken with a French press. After removal of cell debris, HrpF was purified from the supernatant using Ni-nitrilotriacetic acid-agarose (Qiagen). After washing with 0.1 M NaH 2 PO 4 and 0.01 M Tris-HCl, pH 6.3, the protein was eluted with 0.1 M NaH 2 PO 4 -0.01 M Tris-HCl (pH 8.0)-150 mM histidine.
For antibody production, rabbits were immunized with the purified HrpF protein (Eurogentec, Herstal, Belgium) . The serum after the third booster injection was used for immunoblot analyses.
For expression of glutathione S-transferase (GST) fusion proteins, hrpF derivatives from pUhrpF and pLhrpF⌬C249 were cloned into the EcoRI and XhoI sites of the GST fusion vector pGEX-2TKM, generating pGhrpF and pGhrpF⌬C249. In addition, hrpE2 was PCR amplified and cloned into the EcoRI and XhoI sites of pGEX-2TKM, giving pGhrpE2.
For the analysis of recombinant proteins in planar lipid bilayer experiments, E. coli BL21 carrying pGhrpF, pGhrpF⌬C249, or pGhrpE2 was grown as described above. All GST fusion proteins were purified from inclusion bodies. Cells were broken with a French press, and inclusion bodies were pelleted by centrifugation. After extensive washing with phosphate-buffered saline (PBS), the inclusion bodies were broken in 8 M urea-0.1 M NaH 2 PO 4 -0.01 M Tris-HCl, pH 8.0, with a French press. Insoluble debris was removed by centrifugation, and the samples were dialyzed for 16 h against PBS at 4°C. Then 200 l of dialysate was incubated with 1 U of thrombin protease for 2 h at room temperature, and cleaved GST was removed by incubation with glutathione-Sepharose (Amersham Pharmacia Biotech, Freiburg, Germany) for 30 min at room temperature with shaking. After centrifugation, protein amounts in the supernatant fraction were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining.
Secretion experiments and protein analysis. Bacteria were cultivated in minimal medium A overnight and resuspended to a concentration of 10 8 CFU/ml in minimal medium A at pH 5.4 (acidified by the addition of HCl and containing 100 g of bovine serum albumin [BSA] per ml). After 3 h of cultivation, 0.5 ml of total cultures was pelleted by centrifugation (10,000 ϫ g for 10 min at 4°C) and resuspended in 1/10th volume of Laemmli buffer (35) . Two milliliters of culture supernatants was filtered with a low-protein-binding filter (HT Tuffryn; 0.45 m; PALL Gelman Laboratory, Ann Arbor, Mich.), precipitated with 10% trichloroacetic acid, and resuspended in 1/100th volume of Laemmli buffer, 
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aliquots of cell extracts and 15-l aliquots of supernatants, adjusted for equal protein loading, were separated by SDS-PAGE and transferred to nitrocellulose. Secretion experiments were performed at least three times. Protein extracts from infected plant leaves were prepared by grinding leaf disks in 20 mM Tris-HCl (pH 8.0)-150 mM NaCl-1 mM EDTA-1% Triton-0.1% SDS. Laemmli buffer was added, and samples containing approximately 70 g of proteins were analyzed by SDS-PAGE and immunoblotting.
Immunoblots were incubated with polyclonal antisera against HrpF, AvrBs3 (33), and the intracellular HrcN protein (50) to ensure that no cell lysis had occurred.
Horseradish peroxidase-labeled goat anti-rabbit immunoglobulin antibodies (Amersham Pharmacia Biotech) were used as secondary antibodies. Reactions were visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech).
Lipid binding and planar lipid bilayer experiments. Lipid binding experiments were performed with silica beads (TRANSIL; Nimbus Biotechnology, Leipzig, Germany) coated with POPC [1-hexadecanoyl-2-(cis-9-octadecenoyl)-sn-glycero-3-phosphocholine]-POPS [1-hexadecanoyl-2-(cis-9-octadecenoyl)-sn-glycero-3-phosphoserin, 90:10] . From 1 to 3 g of recombinant protein or 1 ml of X. campestris pv. vesicatoria culture supernatant was incubated with 2 to 5 l of TRANSIL beads under shaking at room temperature for 1 h in 10 mM Tris (pH 7.4)-150 mM NaCl-0.5% Tween 20 (final concentration). In control samples, proteins and culture supernatants were incubated without TRANSIL beads. The beads were precipitated by centrifugation (10,000 ϫ g for 30 s at room temperature), and the unbound material in the supernatant was collected. For secreted proteins, unbound material was precipitated on ice with 10% trichloroacetic acid and resuspended in 1/50th volume of Laemmli buffer. TRANSIL beads were washed three times with 1 ml of 10 mM Tris (pH 7.4)-1 M NaCl and resuspended in 20 l of Laemmli buffer. Total proteins and bound and unbound material were analyzed by SDS-PAGE and Coomassie staining and/or immunoblotting.
Planar lipid bilayers (42) were prepared from a solution of 80 parts (wt/wt) 1-palmitoyl-2-oleoyl-glycero-3-phophatidylcholine and 20 parts (wt/wt) 1,2-dio- leoyl-glycero-3-phophatidylethanolamine (Avanti Polar Lipids Inc., Alabaster, Ala.) dissolved in n-decane (15 mg/ml). Proteins were added to the cis-aqueous solution of the bilayer cuvette. Electrolyte solutions contained 100 mM KCl and 10 mM HEPES, pH 7.0. Current signals were filtered at corner frequencies between 3 and 10 kHz and recorded continuously on a digital tape recorder. As a membrane amplifier, we used a BLM-120 (Bio-Logic, Claix, France) with a low-pass linearized five-pole Tchebicheff filter.
RESULTS
Specific antiserum detects HrpF in the culture supernatant. Recently, we showed type III-mediated secretion of HrpF, using a Flag-tagged version of the protein (50). For the analysis of native HrpF, a polyclonal antiserum was generated. In Western blot analyses , the antiserum reacted specifically with two proteins of approximately 100 and 70 kDa (Fig. 1A) in total extracts of X. campestris pv. vesicatoria strain 85* (85-10 carrying the hrpG* mutation, which renders hrp gene expression constitutive [67] ). Since both proteins were absent in extracts of an hrpF null mutant (Fig. 1A ), they were hrpF specific, indicating that the smaller protein corresponds to a processed form of HrpF, which was designated HrpFЈ. The processing probably occurs at the C terminus, since an anti-His 6 antibody failed to detect HrpFЈ in protein extracts of strain 85*(pDhrpF), which expresses a C-terminally His 6 -tagged HrpF protein (data not shown). In secretion experiments, HrpF and HrpFЈ were detected in the supernatant of strain 85* but not of 85*⌬hrcV, a TTSS mutant (Fig. 1A) . Depending on the experiment and protein amounts loaded, the antiserum also detected two additional proteins which are probably minor degradation products of HrpF. Similar results were obtained for strain 82* and derivatives (data not shown).
Complementation analyses of hrpF deletion derivatives. Previous genetic analysis of hrpF, which is the only gene in the operon, was based on transposon insertion mutants (26, 50) . For functional studies of the HrpF protein, we deleted hrpF from the genome of X. campestris pv. vesicatoria strains 85-10, 85*, and 82*. As expected, hrpF null mutants displayed a typical hrp phenotype. When inoculated into the plant, strains 85-10⌬hrpF and 85*⌬hrpF failed to grow in planta, and they were unable to cause disease symptoms in susceptible pepper ECW plants or to induce the HR in resistant ECW-10R plants, which carry the Bs1 gene.
The Bs1 resistance gene determines recognition of AvrBs1, which is expressed in strains 85-10 and 85* (40). Similar results were obtained when strain 82*⌬hrpF was inoculated into susceptible and resistant plants. X. campestris pv. vesicatoria strain 82* expresses the effector protein AvrBs3 (10) and induces the HR on ECW-30R plants, which carry the Bs3 resistance gene. As shown in Fig. 1B , AvrBs3 was detected in Western blot analysis of culture supernatants of strain 82*⌬hrpF. Thus, in contrast to the hrcV TTSS mutant, hrpF null mutants were not impaired in type III secretion.
In order to identify functionally important regions in HrpF, several deletion derivatives (Fig. 2) were constructed and expressed in strains 85-10⌬hrpF and 85*⌬hrpF from broad-hostrange plasmids. In plant infection tests, the mutant phenotype of both strains could be complemented by constructs expressing full-length HrpF or HrpF⌬C109, but not by constructs expressing HrpF⌬N and deletion derivatives lacking hydrophobic region H1 or H2 or both (Fig. 2) . Interestingly, expression of hrpF⌬I, which is deleted in the internal region, resulted in partial complementation of strain 85*⌬hrpF, i.e., delayed disease symptoms in pepper cultivar ECW and a partial hypersensitive reaction in ECW-10R plants (Fig. 2) . In immunoblot analyses, HrpF⌬I was not recognized by the HrpF-specific antiserum and could only be detected by an anti-His 6 antibody in protein extracts of high-cell-density cultures (data not shown), indicating that the protein is unstable. In contrast, Nand C-terminal deletion derivatives were detected by the polyclonal HrpF-specific antibody, albeit in different amounts (Fig.  3) .
The inability of hrpF deletion derivatives to complement an hrpF null mutant could be due to the lack of secretion of the corresponding gene products. However, all C-terminal HrpF deletion derivatives were secreted by the TTSS in vitro (Fig. 3) . In contrast, the N-terminal deletion derivative HrpF⌬N was not detected in the culture supernatant.
The N terminus of HrpF does not target the AvrBs3 protein into the host cell. We then addressed the question of whether HrpF is not only secreted in vitro but could possibly be translocated into the plant cell, as has been observed for putative translocon proteins of animal-pathogenic bacteria (13) . For this, we used an N-terminal deletion derivative (AvrBs3⌬2) of the type III effector AvrBs3 as a reporter. AvrBs3⌬2 is not secreted by X. campestris pv. vesicatoria but induces a specific hypersensitive reaction when fused with a functional translocation domain and when the gene is expressed in the resistant plant (E. Huguet, O. Rossier, and U. Bonas, unpublished data AvrBs3⌬2 and introduced the fusion construct (pDhrpFN356) into strain 85*. In total protein extracts, the HrpF-AvrBs3⌬2 protein could be detected by both the AvrBs3-specific (Fig. 4) and the HrpFspecific (data not shown) antiserum. The presence of smaller proteins which are detected by the AvrBs3-specific antibody might be due to protein instability (Fig. 4) . In secretion experiments, the HrpF-AvrBs3⌬2 construct was detected in culture supernatants of strain 85* but not of the TTSS mutant 85*⌬hrcV, indicating the presence of a type III secretion signal in the N terminus of HrpF. This is in agreement with the finding that deletion of the N terminus abolished type III secretion of HrpF (Fig. 3) . In plant inoculation experiments , strain 85*(pDhrpFN356) did not induce the HR in pepper genotype ECW-30R (Table 2) .
To test whether the fusion of the HrpF-N terminus to AvrBs3⌬2 had a deleterious effect on recognition by Bs3, we expressed the fusion protein in ECW-30R, using pBIhrpFN356 and Agrobacterium-mediated gene transfer. In this case, the HrpF-AvrBs3⌬2 construct induced the HR in ECW-30R, as did full-length AvrBs3 and AvrBs3⌬2 ( Table 2 ), demonstrating that the fusion protein is recognized by Bs3 inside the plant cell. Taken together, these data show that the HrpF-AvrBs3⌬2 fusion protein was not delivered into the plant cell when expressed in X. campestris pv. vesicatoria, although it was secreted by the TTSS in vitro. In additional experiments, we investigated a putative function of HrpF inside the plant cell by transient expression of HrpF in planta. When A. tumefaciens strain GV3101(pBIhrpF) was inoculated into ECW-30R plants, no obvious plant reaction was observed (Table 2 ), although the protein was expressed, as shown by immunoblot analyses (data not shown). Furthermore, transiently expressed HrpF could not transcomplement an X. campestris pv. vesicatoria hrpF null mutant strain for disease and HR induction in ECW and ECW-10R, respectively. Since fusion of HrpF to the signal peptide sequence of the tobacco PR1a gene (14) rendered the protein unstable (data not shown), transcomplementation experiments with in planta-expressed HrpF targeted to the apoplast could not be performed.
Lipid-binding activity of HrpF. Most putative type III translocon proteins identified so far contain predicted transmembrane regions and have been shown to associate with membranes (7, 20, 21, 23, 28, 52, 59, 64) . Considering the presence of two putative transmembrane segments in HrpF as well as its proposed role during effector protein translocation, we investigated the lipid-binding activity of the protein. For this, we used a lipid bilayer system (TRANSIL beads; Nimbus Biotechnology), which consists of silica particles coated with a single phospholipid bilayer, noncovalently bound to the matrix. The bilayer contained negatively charged phospholipids which are also present in plant plasma membranes. Beads were incubated with purified recombinant HrpF protein (see Materials and Methods), and the lipid-bound and unbound material was analyzed by SDS-PAGE and Coomassie staining or immunoblotting. To remove proteins that were associated with the lipid bilayer via ionic interactions, beads were washed under highsalt conditions (18).
As shown in Fig. 5A , recombinant HrpF associated with the lipid matrix. In contrast, BSA, used as a negative control, was only present in the supernatant. Furthermore, HrpF was not detected in the pellet when proteins were incubated without beads, ruling out that detection was due to protein precipitation. The lipid-binding activity of HrpF could be confirmed for the native protein expressed in X. campestris pv. vesicatoria. For this, TRANSIL beads were incubated with culture supernatants of strain 82*. While secreted HrpF bound to the lipid matrix, the truncated HrpFЈ protein (see above) was only detected in the unbound material (Fig. 5B ). The comparison of HrpF present in total supernatants and unbound and bound material indicated that approximately 40% of secreted HrpF was bound to the TRANSIL beads (Fig. 5C ).
In order to identify regions in HrpF which are important for membrane association, we tested HrpF deletion derivatives for their binding to TRANSIL beads. Deletion of the N terminus and of both hydrophobic segments did not affect the lipidbinding ability of HrpF (HrpF⌬H12 and HrpF⌬N, Fig. 5B ). In contrast, HrpF⌬C249, lacking a large C-terminal protein region, was not detected in the lipid-bound material (Fig. 5B ). This is in agreement with the finding that HrpFЈ, which is similar in size to HrpF⌬C249 (see Fig. 3 ), did not bind to the lipid matrix.
HrpF-dependent pore formation. The lipid-binding activity of HrpF prompted us to investigate whether HrpF would form ion-conducting pores in a planar lipid bilayer system. When recombinant HrpF (see Materials and Methods) was added to the cis compartment of the artificial membrane, the conductivity across the bilayer increased when voltage was applied. We observed changes of open and closed channel states as well as prolonged phases of both states (Fig. 6A ). HrpF-dependent pore formation did not alter significantly when different membrane potentials were applied (from Ϫ100 to ϩ100 mV; data not shown). Surprisingly, the C-terminally truncated form of HrpF, HrpF⌬C249, induced channels with similar properties (data not shown). To rule out that the channel formation was due to E. coli proteins present in the HrpF preparation, we used HrpE2 as a control, which was isolated similarly to HrpF (see Materials and Methods). HrpE2 is an 18.4-kDa acidic protein from X. campestris pv. vesicatoria and is predicted to be a soluble protein (U. Bonas, unpublished data). When applied to the artificial membrane, recombinant HrpE2 did not induce any current fluctuations (Fig. 6B ).
DISCUSSION
In this study, we investigated functionally important regions and membrane-binding activity of the HrpF protein from the plant pathogen X. campestris pv. vesicatoria. Our data strongly support the hypothesis that HrpF plays a role in protein translocation. So far, HrpF is the only known putative type III translocon protein of a plant-pathogenic bacterium.
Analyses of hrpF null mutant strains revealed that HrpF is essential for pathogenicity but dispensable for type III-mediated protein secretion in vitro. This is in agreement with results based on the analyses of hrpF transposon insertion mutants (50). An interesting feature of the HrpF protein is the presence FIG. 4 . The N terminus of HrpF contains a type III secretion signal. X. campestris pv. vesicatoria strains (lane 1) 85*(pDhrpFN356), (lane 2) 85*⌬hrcV(pDhrpFN356), and (lane 3) 85*(pDS356F), expressing the HrpF-AvrBs3⌬2 fusion protein (lanes 1 and 2) and AvrBs3⌬2 (lane 3), respectively, were grown in secretion medium. Equal amounts of total protein extracts (TE) and culture supernatants (SN) were analyzed by SDS-PAGE and immunoblotting using the AvrBs3-specific antiserum. of two imperfect repeats in the N terminus. Deletion studies showed that the presence of the second repeat is sufficient for protein function (26). Here, complementation experiments demonstrated that the region C-terminal to the hydrophobic segments is also not required. In contrast, the hydrophobic segments are essential for HrpF function. Interestingly, the internal protein region appears to be less important, since the hrpF null mutant could be partially complemented by HrpF⌬I. However, partial complementation was only observed in an hrpG* background, which leads to a more efficient expression of the TTSS. Lack of complementation of the hrpF null mutant by HrpF⌬N is probably due to the inability of the bacteria to secrete this derivative. This indicates that HrpF is targeted for type III secretion by its N terminus and that secretion is essential for HrpF function. The hypothesis of a secretion signal in the N terminus is supported by the finding that a fusion protein between the N-terminal 386 amino acids of HrpF and AvrBs3⌬2 is secreted in vitro. AvrBs3, like other type III effectors, is probably translocated into the plant cell, because in planta expression of the gene triggers the HR (60). However, bacteria expressing the HrpF-AvrBs3 fusion protein did not induce the AvrBs3-specific HR, indicating that the N terminus of HrpF does not contain a translocation signal. HrpF might have to be delivered from outside of the plant cell, a hypothesis which is supported by the inability of in planta-expressed HrpF to transcomplement the phenotype of an hrpF null mutant.
Taken together, these data support the hypothesis that HrpF acts at the bacterial-plant interface as a translocon protein. So far, putative components of the predicted type III translocon have only been identified in animal-pathogenic bacteria, where they presumably form a transmembrane channel. In Yersinia, Shigella, and enteropathogenic E. coli spp., the existence of a translocation channel has been proposed based on their ability to induce the lysis of erythrocytes and macrophages (7, 20, 44, 65) . Furthermore, fusion of planar lipid bilayers with liposomes which had been incubated with secreted Yops induced FIG. 5 . HrpF binds to lipid bilayers. (A) TRANSIL beads (2 l) coated with POPC/POPS (90:10) were incubated with 3 g of recombinant HrpF and BSA. After centrifugation and stringent washing of the beads, 20% of total proteins (T) and unbound (UB) and lipidbound (B) material were analyzed by SDS-PAGE and Coomassie staining. As a negative control (C), proteins were incubated without TRANSIL beads, and after centrifugation and stringent washing, samples corresponding to the lipid-bound material were analyzed as above. (B) X. campestris pv. vesicatoria strains 82* (top) and 82*⌬hrpF carrying plasmids pDhrpF⌬H12 and pLhrpF⌬C249 were grown in secretion medium. Culture supernatants were incubated with 4 l of TRANSIL beads as above. Total culture supernatants (T) as well as unbound (UB) and lipid-bound (B) material were analyzed by SDS-PAGE and immunoblotting with the HrpF-specific antiserum. HrpF⌬N (bottom), which is not secreted in vitro, was analyzed as a recombinant protein; 0.5 g of recombinant HrpF⌬N was incubated with TRANSIL as described for A, and 20% of total protein and unbound and lipid-bound material was analyzed by immunoblotting with the anti-HrpF antibody. As a negative control, culture supernatants as well as recombinant HrpF⌬N were incubated without TRANSIL (C) and analyzed as above. (C) Quantification of membrane-bound HrpF. Culture supernatants of X. campestris pv. vesicatoria strain 82* were incubated with 4 l of TRANSIL beads and analyzed as described for B. Unbound (UB) and bound (B) material as well as samples incubated without TRANSIL (C) were analyzed by SDS-PAGE and immunoblotting with the HrpF-specific antiserum. As reference samples, 100, 80, 60, and 40% of total supernatant (T) were loaded. current fluxes, indicating the formation of transmembrane pores (59). Lytic activity of Yersinia requires at least three proteins, YopB, YopD, and LcrV (20, 23, 44) . Recent demonstration of a pore-forming activity of purified LcrV suggested that LcrV is the channel size-determining component of the type III translocation channel, which is stabilized by YopB and YopD (23).
The putative translocon proteins from animal-pathogenic bacteria are not conserved among different species, but some of them have structural similarities, such as putative transmembrane regions. The presence of two predicted transmembrane segments in HrpF (26) prompted us to investigate its lipidbinding activity. A tendency of HrpF to bind to membranes had already been indicated by fractionation studies (26). From 30 to 40% of a Flag-tagged HrpF protein was localized to the inner membrane of X. campestris pv. vesicatoria under nonsecreting conditions. Here, using the TRANSIL system which provides a highly mobile artificial lipid bilayer, mimicking diffusion and other surface properties of natural lipid bilayers (54), we could demonstrate lipid-binding activity of recombinant as well as native secreted HrpF. The fact that high-salt washes did not remove HrpF from the lipid matrix is interpreted as membrane insertion rather than membrane binding.
Lipid-binding in vitro using the TRANSIL system was independent of the presence of the hydrophobic segments in HrpF, indicating that HrpF interacts with lipids via nonhydrophobic regions, presumably in the C terminus. This was surprising because the hydrophobic segments have been speculated to act as a transmembrane anchor. So far, except for IpaC from Shigella flexneri (46), it has not been investigated whether predicted transmembrane regions are essential for lipid binding in other putative translocon proteins. Interestingly, using the TM-PRED program (http://www.ch.embnet.org/software/TM -PRED_form.html), no transmembrane regions are predicted for LcrV from Yersinia spp. and PcrV from Pseudomonas aeruginosa, which have both been demonstrated to form transmembrane channels (23).
It is tempting to speculate that these proteins span the membrane via ␤-barrel structures. ␤-Barrel structures are typical of many bacterial outer membrane proteins (34) and are also found in several bacterial toxins which assemble to oligomeric channels in the eukaryotic host cell membrane. The presence of ␤-barrels in putative translocon proteins of the TTSS has not been investigated yet.
To address the question of whether HrpF forms transmembrane channels, we used a planar lipid bilayer system. Indeed, recombinant HrpF induced altered current fluxes, indicative of pore formation. Unexpectedly, this was also observed for an HrpF derivative lacking the C terminus, which was shown to be essential for lipid binding in the TRANSIL system. We speculate that this derivative has a residual in vitro lipid-binding activity which can only be detected by the very sensitive planar lipid bilayer assays. Similar findings have been reported for LcrV from Yersinia enterocolitica: deletion of a C-terminal protein region, which was demonstrated to be essential for Yop delivery as well as for induction of erythrocyte lysis, did not alter its pore-forming activity (23).
It has to be kept in mind that artificial lipid bilayers have smooth surfaces without any exposed structures, like lipidbound polysaccharides or membrane proteins, which could influence the insertion of proteins in natural membranes. Here, we show that the C terminus of HrpF from X. campestris pv. vesicatoria, which is dispensable for pore formation in vitro, is essential for its biological function. It is conceivable that this region is required for efficient protein translocation in vivo, stabilizing the pore or interacting with accessory proteins. Whether HrpF alone is sufficient to form the translocation channel in vivo remains to be investigated.
In animal-pathogenic bacteria, the observation of proteinprotein interactions between putative translocon components suggests that the translocon is a heterogenic protein complex (23). Future experimental approaches will therefore focus on the identification of HrpF's interaction partners. (Sory et al., 1995; Schesser et al., 1996; Mudgett et al., 2000) . Ein Fusionsprotein zwischen den N-terminalen 387 Aminosäuren von HrpF und einem N-terminalen Deletionsderivat von AvrBs3 (AvrBs3∆2) wird jedoch nicht in die Pflanzenzelle transloziert.
Konstruktion und Analyse von HrpF (1-200) -AvrBs3∆2
Um die unter 2. Stamm 85* enthält hrpG*, das die konstitutive Expression der hrp-Gene ermöglicht . Die Deletion von hrcV in Stamm 85* (85*∆hrcV) führt zum Verlust der Typ-III-abhängigen Proteinsekretion in vitro . 356), (2) 85*∆hrcV (pDhrpF 356), (3) 85*(pDhrpF 356) und (4) 85*∆hrcV(pDhrpF 356) wurden in Sekretionsmedium inkubiert. Gleiche Proteinmengen von Totalextrakten und Kulturüberständen wurden mittels SDS-PAGE und Immunoblotanalysen unter Verwendung des AvrBs3-spezifischen Antiserums (Knoop et al., 1991) analysiert. Um auszuschließen, daß Zellysis stattgefunden hat, wurden die Membranen mit dem Antiserum gegen das intrazelluläre HrcN-Protein inkubiert . pDhrpF 356 wurde unter 2.1.1 als pDhrpFN356 bezeichnet. Der Übersichtlichkeit halber ist hier jedoch die Anzahl der fusionierten Aminosäuren von HrpF angegeben.
Für die Analyse der Typ-III-abhängigen Sekretion des Fusionsproteins wurden die
Stämme 85*(pDhrpF 356) und 85*∆hrcV(pDhrpF 
Zusammenfassung der Ergebnisse
HrpF ist ein Substrat des TTSS von X. campestris pv. vesicatoria und essentiell für die . The HR is a rapid localized cell death at the infection site and is part of the plant's innate immune response that halts bacterial ingress (Klement 1982) . The induction of specific plant defense reactions results from the recognition of bacterial effector proteins, designated avirulence (Avr) proteins, by corresponding plant resistance (R) proteins (Flor 1971 ).
Charakterisierung von hpa-Genen in der h r p E -h r p F-Region
At least nine hrp genes -designated hrc for hrp conserved -are conserved between plant and animal pathogenic bacteria and probably encode the core components of the TTS apparatus He 1998; Hueck 1998 ). The precise role of nonconserved hrp genes is less well understood, and only in a few cases their functional impact in the TTS process has been clarified. For instance, in Pseudomonas syringae pv. tomato and Ralstonia solanacearum, the nonconserved Hrp proteins HrpA and HrpY, respectively, encode the major subunit of the Hrp pilus (Wei et al. 2000; Van Gijsegem et al. 2000) . The Hrp pilus is a hrp-dependent surface appendage which is essential for type III secretion in vitro (Roine et al. 1997; Hu et al. 2001; Van Gijsegem et al. 2000; Wei et al. 2000) . Hrp pili presumably cross the plant cell wall and serve as conduits for TTS substrates Li et al. 2002; Romantschuk et al. 2001) .
Our laboratory studies Xanthomonas campestris pv. vesicatoria, the causal agent of bacterial spot disease in pepper and tomato. The TTS system of X. campestris pv.
vesicatoria is encoded by a 23-kb chromosomal hrp gene cluster which is organized in six operons, hrpA to hrpF . Based on DNA sequence similarities and the phenotype of nonpolar mutants, hrp genes have been classified in (i) hrc genes, (ii) nonconserved hrp genes (essential for the plant interaction), and (iii) hpa (hrp associated) genes which contribute to but are not essential for bacterial pathogenicity (Fenselau et al. 1992; Fenselau and Bonas 1995; Wengelnik et al. 1996a; Huguet and Bonas 1997; Huguet et al. 1998; Rossier et al. 2000; U. Bonas et al., unpublished) .
hrp gene expression is activated in planta or in the minimal medium XVM2 by the products of two regulatory genes, hrpG and hrpX, which are located outside the hrp gene cluster. HrpG is a member of the OmpR family of two-component response regulators and controls, in most cases via the AraC-type transcriptional activator HrpX (Wengelnik and Bonas 1996) , a genome-wide regulon including hrp and x o p (Xanthomonas outer proteins) genes (Wengelnik et al. 1996a; Wengelnik et al. 1996b; Noël et al. 2001; Noël et al. 2002) . Using a constitutively active version of hrpG, hrpG* , and a special minimal medium, in vitro type III secretion could be demonstrated. Secreted proteins include Hrp and Xop proteins as well as heterologous proteins from R. solanacearum and Yersinia pseudotuberculosis Rossier et al. 2000; Mudgett et al. 2000; Noël et al. 2001; Noël et al. 2002) . The analysis of nonpolar mutations revealed that type III secretion in vitro requires at least six nonconserved Hrp proteins which are presumably associated with the secretion apparatus .
In this study, we report on the role of three hpa genes (hpaB, hpaE, hpaD) in the hrpEhrpF region from X. campestris pv. vesicatoria in bacterial pathogenicity. Our data indicate that hpaB and hpaD are required for efficient secretion of a subset of TTS substrates.
Results

Sequence analysis of the hrpE-hrpF region
Sequence analysis of the hrpE operon revealed the presence of three open reading frames (ORFs), designated hrpE1, ORFE2 and ORFE3 (Fig. 1) . Previous analyses of transposon insertion mutants in X. campestris pv. vesicatoria strain 85-10 demonstrated that hrpE1 is essential for the interaction with the host plant and is thus a true hrp gene (Rossier 1999) . hrpE1 presumably encodes the pilin, the major subunit of the Hrp pilus, and will be described elsewhere (U. Bonas et al., unpublished) . ORFE2 and ORFE3 are located downstream of hrpE1 (Fig. 1) . Because of their mutant phenotypes (see below), the genes were designated hpaB (ORFE2) and hpaE (ORFE3).
hpaB and hpaE encode putative proteins of 18.4 kDa and 9.3 kDa, respectively ( Table   1 Silva et al. 2002; Rainbow et al. 2002; Salanoubat et al. 2002) . For hpaE and its predicted gene product, no homologous sequences on the DNA or protein level, respectively, were found in the database.
hpaE is separated from hrpF by a 3.6-kb region. Sequence analysis and codon preference data of this region revealed the presence of two ORFs, ORF1 and ORF2, which have an overlapping stop and start codon (Fig. 1) . Because of its mutant phenotype (see below), ORF2 was designated hpaD. ORF1 and hpaD encode putative proteins of 7.5 kDa and 70.4 kDa, respectively, with no homology to known proteins in the database ( hpaB and hpaE contribute to bacterial pathogenicity Previous analyses of transposon insertion mutants already indicated that hpaB and hpaE contribute to but are not essential for the interaction of X. campestris pv. vesicatoria with the host plant (Brown et al. 1995; E. Huguet and U. Bonas, unpublished) . Since transposon insertion mutations presumably have polar effects, we generated deletions in hpaB and hpaE, respectively, in order to analyze their role in pathogenicity and type III secretion in vitro. Using the suicide plasmid pOK1, the deletions (see Fig. 1 and
Material and Methods) were introduced into X. campestris pv. vesicatoria strains 85-10, 85* and 82*. Strain 85-10 expresses the avrBs1 gene and induces the HR in pepper line ECW-10R which contains the corresponding R gene Bs1. Strain 85* is a derivative of 85-10, carrying the hrpG* mutation which renders hrp gene expression constitutive . Similarly, strain 82* is a hrpG* derivative of 82-8 which expresses the avrBs3 gene from an endogenous plasmid . hpaB and hpaE mutants were tested for bacterial growth and the formation of disease symptoms, so-called water-soaked lesions, in the susceptible pepper line ECW as well as for HR induction in the pepper lines ECW-10R (AvrBs1 recognition) or ECW-30R (carries the Bs3 resistance gene, AvrBs3 recognition).
Strain 85-10∆hpaB was not able to grow and cause disease symptoms in susceptible plants and did not induce the HR in resistant plants (Fig. 2) . In contrast, strain 85*∆hpaB induced a partial HR in ECW-10R plants, however, disease symptom formation in ECW plants was abolished ( Fig. 2A) (A) Summary of phenotypes in the susceptible pepper line ECW and the resistant pepper line ECW-10R. X. campestris pv. vesicatoria strains were inoculated at bacterial densities of 2×10 8 CFU/ml in 1 mM MgCl 2 into the intercellular spaces of fully expanded leaves. Plant reactions were scored over a period of one to five days. HR, hypersensitive reaction; hr, delayed and partial HR; WS, water-soaked lesions; ws, delayed and partial water-soaked lesions. (B) Bacterial growth in the susceptible pepper line ECW. X. campestris pv. vesicatoria strains were inoculated at bacterial densities of 10 4 CFU/ml in 1 mM MgCl 2 . Bacterial growth was monitored over a period of eight days. Values represent the mean of three samples from three different plants.
85*∆hpaB could be complemented for HR induction and disease symptom formation by plasmid pLhrpE which carries the complete hrpE operon. In strain 85-10∆hpaB, however, pLhrpE only partially restored the wild-type phenotype (data not shown). Surprisingly, the phenotype of both 85-10∆hpaB and 85*∆hpaB strains could not be complemented by construct pDM20. pDM20 expresses hpaB from the lac promoter, which is constitutively active in X. campestris pv. vesicatoria.
Deletion of hpaE in strain 85-10 (85-10∆hpaE) resulted in an intermediate phenotype:
reduced bacterial growth and disease symptom formation in susceptible plants as well as induction of a partial HR in resistant plants (Fig. 2) . In contrast, strain 85*∆hpaE displayed a wild-type phenotype (Fig. 2A) . The mutant phenotype of strain 85-10∆hpaE could be complemented by plasmid pDM30 (see Table 1 and Material and Methods).
To investigate the contribution of ORF1 and hpaD to bacterial pathogenicity, we generated a deletion of both ORFs (see Fig. 1 and Materials and Methods) in strains 85-10, 85* and 82*, using the suicide plasmid pOK1. The mutant strain 85-10∆EF behaved like the wild type with respect to bacterial growth and disease symptom formation in susceptible plants as well as HR induction in resistant plants (Fig. 2) .
Similarly, strains 85*∆EF ( Fig. 2A) and 82*∆EF (data not shown) displayed a wild-type phenotype when inoculated into susceptible and resistant pepper plants.
Protein studies of HpaB and HpaE
Since polyclonal antibodies raised against HpaB-and HpaE-GST fusion proteins (see Materials and Methods) failed to detect the proteins in X. campestris pv. vesicatoria due to a lack of sensitivity of the antiserum (data not shown), HpaB and HpaE were tagged with a C-terminal c-myc epitope. When expressed in X. campestris pv. vesicatoria strain 85* from plasmids pDM20 and pDM30, respectively, proteins of the expected size (18 kDa plus 5-kDa epitope for HpaB and 9 kDa plus 5-kDa epitope for HpaE) could be detected (Fig. 3) .
To investigate whether HpaB or HpaE are secreted by the TTS system, bacteria were incubated in secretion medium as described . As shown in Fig. 3, neither HpaB nor HpaE could be detected in the culture supernatants. In contrast, the type III-secreted protein HrpF (Büttner et al. 2002) , which was analyzed as a positive control, was detected in the culture supernatants (Fig. 3) . We therefore conclude that both HpaB and HpaE are intracellular proteins. (1) 85*(pDM20) and (2) 85*∆hrcV(pDM20) were grown in secretion medium. Equal protein amounts of total protein extracts (TE) and culture supernatants (SN) were analyzed by SDS-PAGE and immunoblotting, using a monoclonal anti-c-myc antibody (top) and a polyclonal HrpFspecific antiserum (bottom). (B) Total protein extracts and culture supernatants of HpaE-c-myc-expressing X. campestris pv. vesicatoria strains (1) 85*(pDM30) and (2) 85*∆hrcV(pDM30) were analyzed as in (A).
HpaB is involved in type III secretion
Previously, nonpolar mutagenesis of hrp genes from X. campestris pv. vesicatoria revealed that at least six nonconserved hrp genes in the hrpB and hrpD operon are essential for type III secretion in vitro . To determine the role of hpaB and hpaE in secretion, we performed in vitro secretion experiments, using the putative translocon protein HrpF and the effector protein AvrBs3 as reporters. Both proteins were detectable in culture supernatants of strains 85* and 85*∆hpaE, expressing AvrBs3 from plasmid pDS300F ( Fig. 4A ; Van den Ackerveken et al. 1996) .
In contrast, AvrBs3 was not detected in the culture supernatant of the hpaB deletion mutant 85*∆hpaB(pDS300F) (data not shown). Similar results were obtained with strain 82*∆hpaB which carries the avrBs3 gene in the genome (Fig. 4B) . Interestingly, secretion of HrpF as well as of XopA, which was recently identified (Noël et al. 2002), was not affected in hpaB deletion mutants (Fig. 4B and C) . (A) X. campestris pv. vesicatoria strains 85*(pDS300F) (wt) and 85*∆hpaE(pDS300F) (∆hpaE) were grown in secretion medium. Both strains express AvrBs3 from plasmid pDS300F. Equal protein amounts of total protein extracts (TE) and culture supernatants (SN) were analyzed by SDS-PAGE and immunoblotting, using polyclonal antisera against AvrBs3 and HrpF. (B) X. campestris pv. vesicatoria strains 82* (wt) and 82*∆hpaB (∆hpaB) were grown in secretion medium. Total protein extracts (TE) and culture supernatants (SN) were analyzed as in (A). (C) Effect of hpaB deletion on secretion of different proteins. The following X. campestris pv. vesicatoria strains were tested: 85* and 85*∆hpaB for XopA secretion, 85*(pDSM100) and 85*∆h p a B(pDSM100) for AvrBs1-c-myc secretion, 82*(pDSM440) and 82*∆hpaB(pDSM440) for AvrBsT-c-myc secretion and 82*(pLAZ13) and 82*∆hpaB(pLAZ13) for PopA secretion. Bacteria were grown in secretion medium. Equal protein amounts of total protein extracts (TE) and culture supernatants (SN) were analyzed by SDS-PAGE and immunoblotting, using a monoclonal anti-c-myc antibody or polyclonal antisera directed against XopA and PopA. wt indicates a wild-type background, ∆hpaB the hpaB deletion. Blots in (A), (B) and (C) were reprobed with the antiserum against the intracellular protein HrcN to ensure that no bacterial lysis had occurred. One representative experiment is shown in (C). To study type III secretion of additional proteins, plasmids expressing AvrBs1-c-myc,
AvrBsT-c-myc or PopA from R. solanacearum (Arlat et al. 1994; Rossier et al. 1999) were introduced into strains 85* and 82* and the corresponding hpaB deletion mutants. As shown in Fig. 4C , AvrBs1-c-myc and PopA were not detected in the culture supernatants of hpaB mutants. Furthermore, the secretion of AvrBsT-c-myc was reduced when compared to the wild-type strain.
The region between hpaE and hrpF contains a hrpG-and hrpX-regulated promoter
The presence of an imperfect PIP (plant inducible promoter) box (TTCGC-N 6 -TTCGC) 322 bp upstream of the putative translational start codon of ORF1 (Fig. 1 ) prompted us to test this region for promoter activity. PIP boxes (consensus sequence TTCGC-N 15 -TTCGC (Fenselau and Bonas 1995) ) have been identified in promoters of many hrpG/hrpX-regulated hrp and xop genes and are predicted to provide the binding site for
HrpX (Fenselau and Bonas 1995; Wengelnik and Bonas 1996; Noël et al. 2002) .
Here, ORF1 including 562 bp upstream sequence was fused to a promoterless uidA gene encoding β-glucuronidase (GUS). The resulting construct, pLP1GUS, was conjugated into X. campestris pv. vesicatoria strains 85-10, 85* and 85*∆hrpX. GUS activity of strain 85*(pLP1GUS) was 25 times higher than of strains 85-10(pLP1GUS) and 85*∆hrpX(pLP1GUS), all grown in NYG medium (Fig. 5 ). These data indicate the presence of a hrpG-and hrpX-regulated promoter. A second construct (pLP2GUS), in which the ORF1 coding sequence and the first 449 bp of hpaD were fused to uidA, did not show any GUS activity in strain 85* (data not shown). These data suggest that the hrpX-regulated promoter is located upstream of ORF1 and that ORF1 and hpaD are part of the same operon. X. campestris pv. vesicatoria strains (1) 85-10, (2) 85* and (3) 85*∆hrpX, all containing the reporter plasmid pLP1GUS, were grown for 16 h in NYG medium. Specific GUS activities are the average of two cultures with duplicates. One unit of GUS activity is defined as 1 nmol of 4-methylumbelliferone released per minute per bacterium.
HpaD can be detected in X. campestris pv. vesicatoria upon overexpression
The data described above prompted us to investigate the predicted ORF1 and hpaD gene products. For the analysis of HpaD, a polyclonal antiserum was generated. When expressed from construct pLH10D (Fig. 6A , construct 1) in strain 82*, a 70-kDa protein was detected by the HpaD-specific antiserum (Fig. 6B) . Surprisingly, HpaD was not detected in the plasmid-free strain 82* (Fig. 6B, wt To analyze the predicted ORF1 protein, a C-terminally His 6 -tagged version of ORF1
was cloned under the control of the lac promoter (construct pDH10). However, using a monoclonal antibody directed against the His 6 epitope, the predicted ORF1 gene product could not be detected in total protein extracts of strain 82*(pDH10) (data not shown). To investigate whether HpaD is needed for expression/detection of the ORF1
protein, an internal HA epitope was introduced into the ORF1 sequence (construct pLH11D). However, using an HA-specific antibody, the predicted ORF1 protein was not detectable in protein extracts of strain 82*(pLH11D) (data not shown).
To investigate whether HpaD requires ORF1 for stable expression, we analyzed additional HpaD expression constructs (Fig. 6A) . HpaD was detected in high amounts in total protein extracts of X. campestris pv. vesicatoria strain 82* when expressed from construct pDD (Fig. 6A, construct 3) , irrespective of the ORF1/hpaD deletion (Fig. 6B) .
In an additional construct (pLH12D), an early stop codon was introduced after the fourth codon of ORF1 (Fig. 6A, construct 2 ), resulting in a low expression of HpaD in strain 82*(pLH12D). Similar amounts of HpaD were detected in the deletion mutant 82*∆EF(pLH12D) (Fig. 6B) . The low expression level of HpaD might be due to a polar effect of the introduced early stop codon in ORF1 which could lead to a dissociation of the ribosomes from the mRNA. However, as shown above, it is not clear whether ORF1
is translated. Taken together, these data suggest that stable expression of HpaD does not require the presence of ORF1. (A) HpaD expression constructs (1) pLH10D, (2) pLH12D and (3) pDD were generated as described in Material and Methods. All HpaD derivatives are expressed from the lac promoter and contain a C-terminal His 6 tag for detection (indicated as a black box). The star indicates the introduction of a stop codon, black triangles refer to Shine-Dalgarno sequences. (B) Equal protein amounts of total protein extracts from strain 82* (wt, first lane) as well as from strains 82* (wt) and 82*∆EF (∆EF), carrying constructs (1) pLH10D, (2) pLH12D and (3) pDD, respectively, were analyzed by SDS-PAGE and immunoblotting. The blot was probed with the HpaD-specific polyclonal antiserum.
HpaD is present in the culture supernatant
To investigate whether HpaD is secreted by the TTS system, we performed in vitro secretion experiments. Surprisingly, small amounts of HpaD were detected in the culture supernatants of both strain 82*(pDD) and the TTS mutant 82*∆hrcV(pDD) (Fig. 7) . Furthermore, also HrcC, the outer membrane component of the TTS apparatus, was present in the culture supernatant of the wild-type strain and the TTS mutant. This cannot be explained by bacterial lysis since the intracellular HrcN and the type IIIsecreted HrpF protein were not detected in the culture supernatant of the TTS mutant (Fig. 7) . 
Fig. 7.
HpaD is present in the culture supernatants of X. campestris pv. vesicatoria wild-type and TTS mutant strains. Strains (1) 82* and (2) 82*∆hrcV, both expressing HpaD from plasmid pDD, were grown in secretion medium. Equal protein amounts of total protein extracts (TE) and culture supernatants (SN) were analyzed by SDS-PAGE and immunoblotting, using polyclonal antibodies directed against HpaD, HrpF, HrcC and HrcN.
ORF1 and HpaD are involved in type III secretion
In addition to hpaB and hpaE, we also investigated the influence of ORF1 and HpaD on type III secretion in vitro. In order to analyze secretion of AvrBs3, we used strains 82* and the ORF1/hpaD deletion mutant 82*∆EF. When compared to strain 82*, the AvrBs3 protein was barely detectable in the culture supernatant of strain 82*∆EF. X. campestris pv. vesicatoria strains 82* for AvrBs3 and HrpF secretion, 85* for XopA secretion, 82*(pDSM440) for AvrBsT-c-myc secretion and the corresponding ∆EF derivatives were grown in secretion medium. Equal protein amounts of total protein extracts (TE) and culture supernatants (SN) were analyzed by SDS-PAGE and immunoblotting. wt indicates the genomic wild-type background, ∆EF the ORF1/hpaD deletion. Blots were probed with an anti-c-myc antibody as well as with polyclonal antibodies directed against AvrBs3, HrpF and XopA. To ensure that no bacterial lysis had occurred, blots were reprobed with the HrcN-specific antiserum. One representative experiment is shown.
In contrast, secretion of HrpF was not affected (Fig. 8) . Similarly, comparable amounts of XopA were present in the culture supernatants of strains 85* and 85*∆EF (Fig. 8) .
We also tested secretion of AvrBsT-c-myc which was expressed from plasmid pDSM440 under the control of its own promoter. Similar amounts of AvrBsT-c-myc were detected in the culture supernatants of strains 82*(pDSM440) and 82*∆EF(pDSM440) (Fig. 8 ). In conclusion, the region containing ORF1 and hpaD plays a role for secretion or extracellular stability of AvrBs3 but not of other proteins tested.
Discussion
The X. campestris pv. vesicatoria hrp gene cluster is involved in the establishment of a TTS system which allows the secretion of Hrp and Xop proteins and controls the interaction with the host plant. Previous analysis of nonpolar mutations in the hrp gene cluster revealed the presence of hpa genes which are not essential for but contribute to the plant interaction (Huguet et al. 1998; U. Bonas et al., unpublished) . In this study, we investigated the role of genes located in the region between hrpE1 and hrpF. Besides hpaB and hpaE, both located in the hrpE operon, we identified hpaD, a novel gene in the X. campestris pv. vesicatoria hrp gene cluster.
Deletion of hpaB and hpaE, respectively, resulted in an intermediate phenotype with respect to disease symptom formation and HR induction. The mutant phenotypes were more pronounced in strain 85-10 than in strain 85*. This might be due to a compensation of the deletions in hrpG* strains which show a higher expression level of hrp genes . It is puzzling that the phenotype of hpaB deletion mutants could not be complemented by hpaB in trans and that expression of the complete hrpE operon only fully restored the wild-type phenotype in strain 85*∆hpaB, but not in 85-10∆hpaB. We speculate that expression of hpaB under the control of the lac promoter causes a negative effect, which in part can be counteracted by the hrpG* mutation.
HpaB and HpaE presumably act inside the bacterial cytosol since both proteins could not be detected in the culture supernatant. The exact role of HpaE in pathogenicity and HR induction remains unclear. So far, a contribution of HpaE to type III secretion in vitro could not be observed. In contrast, HpaB is involved in the secretion process.
HpaB is a small and acidic protein and thus shares typical features of TTS chaperones, which have mainly been described in animal pathogenic bacteria (Bennett and Hughes 2000) . TTS chaperones bind to one or two effector proteins and thus promote their secretion by the TTS system. Furthermore, TTS chaperones prevent aggregation and/or degradation of effector proteins in the bacterial cytosol (Aldridge and Hughes 2001; Isberg and Dumenil 2001; Lloyd et al. 2001) .
In contrast to known TTS chaperones, HpaB from X. campestris pv. vesicatoria is not essential for the stable expression of effector proteins. However, HpaB is required for the efficient secretion of effector proteins. This observation provides an explanation for the nonpathogenic phenotype of hpaB mutants. Interestingly, hpaB mutants still secrete the putative translocon protein HrpF (Büttner et al. 2002) as well as XopA, a recently identified TTS substrate which is required for full virulence and avirulence of X.
campestris pv. vesicatoria (Noël et al. 2002) . Since XopA is dispensable for type III secretion in vitro, it might contribute to the type III-dependent translocation of effector proteins.
One possible biochemical function of HpaB is binding of effector proteins to promote their translocation by the TTS system. The putative binding site could be the predicted translocation signal which is located within the first 50-100 amino acids of effector proteins (Sory et al. 1995; Schesser et al. 1996; Mudgett et al. 2000; . In animal pathogenic bacteria, this protein region provides the binding site for TTS chaperones (Bennett and Hughes 2000) . However, PopA (Arlat et al. 1994) , efficient secretion of which also depends on HpaB, is not predicted to be translocated into the plant cell. PopA belongs the class of harpin proteins that presumably act at the plant surface El-Maarouf et al. 2001; Lee et al. 2001) .
Is HpaB an exception or are there other proteins involved in secretion of some but not all TTS substrates? A substrate-specific contribution to the TTS process has already been reported for HpaA which is required for full virulence activity of X. campestris pv.
vesicatoria (Huguet et al. 1998 
Materials and Methods
Bacterial strains, growth conditions and plasmids
Bacterial strains and plasmids used in this study are described in Table 2 . Escherichia coli cells were cultivated at 37ºC in Luria-Bertani (LB) or Super medium (Qiagen, Hilden, Germany). X. campestris pv. vesicatoria strains were grown at 30ºC in NYG medium or in minimal medium A supplemented with sucrose (10 mM) and casamino acids (0.3%). Antibiotics were added to the media at the following final concentrations: ampicillin, 100 µg/ml; kanamycin, 25 µg/ml; rifampicin, 100 µg/ml; spectinomycin, 100 µg/ml; tetracycline, 10 µg/ml.
Plasmids were introduced into E. coli by electroporation and into X. campestris pv.
vesicatoria by conjugation, using pRK2013 as a helper plasmid in triparental matings (Figurski and Helinski 1979) .
Plant material and plant inoculations
The near-isogenic pepper cultivars Early Cal Wonder (ECW), ECW-10R and ECW-30R (Minsavage et al. 1990) were grown and inoculated with X. campestris pv. vesicatoria as described previously . Bacteria were hand-infiltrated into the intercellular spaces of fully expanded leaves at concentrations of 2×10 8 CFU/ml in 1 mM MgCl 2 . Reactions were scored over a period of five days. In planta growth of bacteria was determined in pepper cultivar ECW as described .
Experiments were repeated at least three times.
Generation of deletion mutants
To introduce a deletion in hpaB, the 3.1-kb EcoRV/XhoI fragment spanning the hrpE operon was cloned into pBluescript II KS. The resulting construct pBhrpE was digested with Csp45I and religated, giving pB∆hpaB which contained a 420-bp in-frame deletion in hpaB (resulting in deletion of amino acid 13 to 149). The 2.7-kb BamHI/XhoI insert was cloned into the BamHI/SalI sites of the suicide plasmid pOK1, giving pOK∆hpaB.
Mutant X. campestris pv. vesicatoria strains were generated by introduction of pOK∆hpaB into 85-10, 85* and 82* as described (Huguet et al. 1998) .
For the generation of a hpaE deletion mutant, the hpaE flanking regions were amplified from construct pBhrpE by PCR, using primers hpaE-EcoRV-for (5'-CCGATATCCGGCTGCGCAACGTGGAGACA-3') and hpaE-EcoRI-rev (5'-GATGAATTCCGCTGCGGCCGTGATTGACACTTC-3') as well as primers hpaE-EcoRI-for (5'-GCAGAATTCAAGGGCAGGCGCAGACTCAT-3') and hpaEBamHI-rev (5'-CAAGGATCCGACGCCGTGCATTTCCCGCCTACC-3'). PCR products were digested with EcoRV/EcoRI and EcoRI/BamHI (restriction sites are underlined in primer sequences) and ligated into the SmaI/BamHI sites of pOK1. The resulting construct pOK∆hpaE was introduced into strains 85-10, 85* and 82*, giving 85-10∆hpaE, 85*∆hpaE and 82*∆hpaE, respectively.
To delete the region spanning ORF1 and hpaD, a 7.5-kb BamHI/EcoRI fragment containing the hrpE-hrpF region was cloned into pUC119, digested with ClaI and religated. In the resulting construct pU∆EF, 872 bp upstream region, ORF1 and the first 1853 bp of hpaD are deleted (see Fig. 1 ). The 4.6-kb insert of pU∆EF was cloned into pOK1 and introduced into strains 85-10, 85* and 82*, giving 85-10∆EF, 85*∆EF and 82*∆EF, respectively.
Construction of promoter-GUS fusions
For construction of promoter-reporter fusions, the uidA gene from construct pBGUS , encoding β-glucuronidase (GUS), was cloned into the BamHI/HindIII sites of pUC119, giving pUGUS. A 780-bp SacI/SmaI fragment spanning ORF1 and 562-bp upstream region was ligated into pUGUS and the EcoRI/HindIII insert of the resulting construct was then cloned into pLAFR6, giving pLP1GUS. For the analysis of a promoter activity in the ORF1 sequence, a 650-bp PstI fragment spanning ORF1 and the first 449 bp of hpaD was cloned into pBGUS. The resulting uidA fusion was cloned into pLAFR6, giving construct pLP2GUS.
β β β β-Glucuronidase assays β-Glucuronidase (GUS) assays were performed with exponentially growing X. campestris pv. vesicatoria strains as described . One GUS unit is defined as 1 nmol of 4-methylumbelliferone released per minute per bacterium.
Experiments were repeated at least three times. 
Construction of hpaB and hpaE expression plasmids
To construct a C-terminally triple-c-myc tagged version of hpaB, the gene was amplified by PCR from construct pBhrpE, using primers hpaB-for (5'-CGAATTCGTCCATGTCTCACCACAGATC-3') and hpaB-rev (5'-CGAGCTCGGCGCGTAACCACAGATAGTT-3') and ligated into the EcoRI/SacI sites of pC3003 (kindly provided by J. Kämper), in frame with a triple-c-myc epitope.
The c-myc-tagged hpaB was then cloned into pDSK604, giving pDM20.
Similarly, hpaE was amplified by PCR, using primers hpaE-for (5'-CGAATTCAT GGCACACCAACTTGGCTT-3') and hpaE-rev (5'-TGAGCTCGCTGCCGTC GCGGGTGT-3'). The PCR product was subcloned into pC3003 and then introduced into pDSK604, giving pDM30.
For complementation studies, a 1.6-kb ClaI fragment spanning the hrpE operon was subcloned into pBlueskript KS and then cloned into pLAFR3, giving pLhrpE.
For overexpression of HpaB and HpaE in E. coli, the hpaB and hpaE PCR products described above were cloned into the EcoRI/SacI sites of pGEX-2TKM, giving pG20 and pG30.
Construction of hpaD expression plasmids
For overexpression of HpaD in E. coli, hpaD was amplified by PCR, using primers hpaD-for (5'-TCAGAGAATTCGTGAAACTCTCCAGCGAT-3') and HpaD-rev (5'-CAATCGAGCTCTCATGCTCGCCC-3'). The PCR product was cloned by EcoRI/SacI digestion into pGEX-2TKM, giving pGD.
For hpaD expression in X. campestris pv. vesicatoria, the EcoRI/SacI insert of pGD was subcloned into pUC119 and then introduced by EcoRI/HindIII digestion into pDSK602, giving pDD. To construct C-terminally His 6 -tagged versions of HpaD, a 2.5-kb ApaI/SalI fragment containing 113 bp upstream region of ORF1, ORF1 and hpaD was cloned into pUC119, giving pU10D. The 3' end of hpaD in this construct was amplified by PCR, using primers hpaD-D (5'-CGATCGCGACCATCGATGCGG-3') and hpaD-E (5'-GCAGCTGAGGATATCTGCTCGCC-3'), and the PCR product was ligated into the ClaI/EcoRV sites of pBlueskript (II) KS-His 6 , in frame with a His 6 epitope. The ClaI/HindIII insert of this construct was used to replace the 3' end of hpaD in pU10D, giving pUH10D. The EcoRI/HindIII insert of pUH10D was then cloned into pLAFR3, giving pLH10D.
To analyze the influence of ORF1 on HpaD expression, a stop codon was introduced into the ORF1 sequence in construct pLH10D. For this, 113 bp upstream region of ORF1 and the first six codons of ORF1 were PCR-amplified, using primers ORF1-A (5'-GACCATTCTGGGCCCTGCCGGCATGC-3') and ORF1-B (5'-TGCTCCTGCAG TCACGACAGCAG-3'), thus introducing a stop codon after the fourth codon of ORF1.
The PCR product was used to replace the 131-bp ApaI/PstI fragment of pUH10D. The EcoRI/HindIII insert of the resulting construct was cloned into pLAFR3, giving pLH12D.
Construction of ORF1 expression plasmids
ORF1 was amplified by PCR from construct pLH10D using primers ORF1-for (5'-GTATCGAATTCATTATGGCCTTCCCGGAAGTGATC-3') and ORF1-rev (5'-TGCATGATATCCGAGGCCACCTCCTTGGC-3'). The PCR product was subcloned into the EcoRI/EcoRV sites of pBlueskript II KS-His 6 , in frame with a His 6 epitope, and then ligated into the EcoRI/HindIII sites of pDSK602, giving pDH10.
To express an epitope-tagged version of ORF1 simultaneously with hpaD, a 650-bp PstI fragment spanning ORF1 and the 5' end of hpaD was amplified from construct pLH10D, using primers ORF1-C (5'-TCGCTGCAGTACCCTTACGAT GTTCCTGATTACGCAGAGCAACTGC-3'), which contains the coding sequence of the HA epitope, and HpaD-C (5'-GGCCTGCAGGGCCGTCTG-3'). The PCR product was used to replace the 650-bp PstI fragment in construct pLH10D, giving pLH11D.
Protein expression, purification and antibody production
For the production of polyclonal antisera, HpaB, HpaE and HpaD were expressed as glutathione S-transferase (GST) fusion proteins, respectively. Bacteria were grown in Super medium (Qiagen) at 37ºC. Expression was induced at OD (600 nm) = 0.7 with IPTG (2 mM final concentration) for 2 h at 37ºC. Cells were harvested, broken with a French press and inclusion bodies were pelleted by centrifugation. After extensive washing with PBS, inclusion bodies were resuspended in Laemmli buffer (Laemmli 1970 ) and the proteins were analyzed by SDS-PAGE and Coomassie staining. The major protein bands corresponding to HpaB, HpaE and HpaD, respectively, were excised from the gel and used for immunization of rabbits (Eurogentec, Herstal, Belgium).
Secretion experiments and protein analysis
Bacteria were cultivated in minimal medium A overnight and resuspended to a concentration of 10 8 CFU/ml in minimal medium A at pH5.4 (acidified by the addition of HCl and containing 100 µg/ml BSA). After 3 h of cultivation, 0.5 ml of total cultures was pelleted by centrifugation (10,000 g for 10 min at 4ºC) and resuspended in 1/10th volume of Laemmli buffer. 2 ml of culture supernatants were filtered with a lowprotein-binding filter (HT Tuffryn; 0.45 µm; PALL Gelman Laboratory, Ann Arbor, Ml), precipitated with 10% trichloroacetic acid and resuspended in 1/100th volume of Laemmli buffer. 10 µl aliquots of cell extracts and 15 µl aliquots of supernatants, adjusted for equal protein loading, were separated by SDS-PAGE and transferred to nitrocellulose. The primary antibodies used were polyclonal antisera against HrpF (Büttner et al. 2002) , AvrBs3 (Knoop et al. 1991) , HrcN , HrcC (Wengelnik et al. 1996a) , XopA (Noël 2001) , HpaD (this study), HpaB (this study), 
